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0 SUMMARY 

v 
An 'investigation was conducted t o  determine the over-all perform- 

ance of a  two-stage  turblne fram a J35-A-23 turbojet  engine. 

The results .of this  investigation showed that  l imiting blade load- 
ing  occurred in the second-stage  rotor,  restricting  the  equivalent work 
t o  approximately 95 percent of the design value. 

The turbine brake internal  efficiency at the design operating con- 
ditions was approximately 0.75. A maxFrmrm brake internal efficiency 
between 0.81 and 0.82 occurred at a pressure r a t i o  of approximately 2.6 
and equivalent design speed. The equivalent  weight flow a t  equivalent 
design speed 8nd preesure. r a t i o  was approximately 106 percent of the 
design  value. . . .. . .  .. . .   . .  

- .  

. 
As part  .of a  general study of high-work-output,  low-speed multi- 

stage  turbines, an investigation was undertaken at the NACA Lewis 

two-stage tmbine from the  J35-8-23 turbojet  engine. 
I laboratory  to determFne the over-all performance characteristics of a 

The turbine was operated at a  constant met s t a p t i o n  peasure  of 
40.5 inches .of mercury absolute and an inlet stagnation  temperature of 
700° R over a range of pressure ratio for  equivalent  rotative speeds of 

value. 7 .  *. - 20, 40, 60, 70, 80, 90, 100, llOJ 120, and 130 percent O f  the  desi= 

The over-all performance is presented. i n  te" of bralse internal 
efficiency and equivdent work (each  based upon torque measurements) J 

equivalent  pressure r a t io ,  equivalent ro tor  speed, and equivalent w e i g h t  
flow. - 

. .  - 

An approxhate method (based on an average e w i b r i u m  value of 
specific  h@t) .of determM€ng the equivalent des.i@;n parameters of the 
turbine is  presented  and-briefly  discussed. 

. 
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SYMBOLS . =  
A 

E 

J 

N 

P 
P' 

PIX 

R 
T' 
U 

V 

W 

B 

7 
6 

area, (sq f t )  

enthalp;y k o p  based an torque measurements, (Btu/lb) 

acceleration due to gravityj (32.174 ft/sec2) 

mechanical equivalent o f -  heat, (778 f t - l b b t u )  

rotational speed, (rpm) 
s t a t i c  pre88ure, (lb/aq f t )  

s t a w t i a n  pTeesure, (lb/sq f t )  

s t a t i c  preaeure lus Ap correspcmding t o  axial ccmpcment af 

. . - .  . 

velocity, (lbJq f t )  

@8 C C X l 6 b I l t  f o r  air, (53.3 ft-lb/(lb)(OR)) 

stagnation  temperature, (OR) 

b h d e  velocity,  (ft/sec) 

absolute gas velocity, (P t /eec) 

w e i g h t  flow, (lb/sec) 
. .  r- ye 1 

. .  

functicrn af YO Y ,  - 
ye 

ratio af specific heats, c /c 

r a t i o  of' inlet -a i r  pressure t o  NACA etandard sea-level pressure, 
P V  

(p11/29.92 in. Hg ab6.) 
brake internal  efficiency defined as the m t i o  Oce aotual turbFne 
work based on torque measuramente to ideal turbine work 
based on inlet  stagnation pressure, and outlet e t a t l o  pms- 
6- plus Ap corresponding to the axial Q"t of 
velocity. 

equared r a t i o  of c r i t i ca l   w loc i ty  t o  c r i t ioa l   ve loc i ty   a t  NACA 

atandard sea-level temperature (518.4O R),  

. "" 
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L 

P gas density,  (lb/cu f t )  

. T torque, (ft- lb) 

N 
N 
0 
0 

- wm parameter  based on equ iwen t  weight flow and  equivalent rota-  
606 t i o n a l  speed 

Subscripts: .. - . . . ~ .  - . 

1 turbine inlet measuring stbtion 

2 turbine  outlet measuring s ta t ion 

0 mAcA standard sea-level  conditions 

c r   c r i t i ca l  

e  engine operating  conaftians 

U tangential 

X axial  

Turbine. - The two-stage  turbine f o r  a 535-A-23 turbojet  engine 
was desi-ed f o r  the following conditions: 

. 

Actual  (engine Equivalent (NACA 
operating standard sea- 
conditions) level  conditions) 

Work, Btu/lb  131.2 
Weight flow, lb/sec 150.0 
Rotatlve speed, rpm 6100 
W e t  temperature, OR 2160 

32.4 
37.58 
3035 
518.4 

. .  

The design of t h e   f i r s t  and second stages  resulted ~ 44.4 and 46.0 per- 
cent  reaction,  respectively, at the mean radius. The t i p  diameter of the 
turbine is  constant at 35.5 inches; the &z111u1ar area  increases  through 
the  turbine (the Fnner shroud has a cone half-angle of  no). The mean 
hub-tip  radius r a t i o  f o r  the first- and  second-stage ro tors  is  0.795 
and 0.746, respectively. 

Dynamometers. - Two cradled dynamometers of the eddy-current wet- 
gap type  connected in tandem were used t o  absorb the  output of the 
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Test instal la t ion.  - The experimental  eetup of the turbine i 8  &own 
i n  figure 1. A i r  flow t o  the unit was supplied  by the laboratory 
combustion-air  system a t  appoximately  llO..inchee of mercury absolute 
and passed through a submerged &ifice.  mer  "tering, - t h e  a i r  was 
t h ro t t l ed   t o  approximately 40.5 inches of mercury absolute and heated  by 
means of two standard  jet-engine burners t o  adroximately 70O0 R. The 
air flow was divided and. entered a plenum  chamber (fig., 2) (which 
replaced t h e  normal combustion c&n assembly of the englne) through two 
openings 180' apart  and at right a n g l e s  t o  the turbine &aft. The air  
then passed through a screen and i n t o  10 standard transit-lon sections, 
each of which supplied a i r  t o  a seguent of the f i r s t - s tage   s ta tor .  The 
a i r  passed  through the  f i r s t  and second stages of the turbine into the 
t a i l  cone wbere it wa8 discharged -to the laboratory exhaust . 
f a c i l i t i e s .  

turbine. !!?he turbine  torque  output was meaeured By meart8 of a.n NACA 
balanced-diaphram type thrust meter. 

d 

. . - .. - - - . -. 

* 

= " . " 

... 

INSTRU"A!I ' ION 
. . . . .  

Turbine w e i g h t  flow. - The air  w e i @ t  flow through t he  turbine was 
". 

measured. by a submerged ASME flange-tap flat-plate orifice.. Fuel flow 
t o  the burners was measured by rotameters -In the fuel  line. 

Turbine  instrumentation. - The gas state Fn the turbine na6 mas- 
wed at the two axial   s ta t ions shown U figure 2. The turbine inlet 
conditions were measured by means of a conhination  probe c o n s i s t i n g  of 
a shielded total-pressure tube and a calfbratea thermocouple,  and two 
static-pressure taps-- in each of the 10 sta~idard transit ion  sections.  
The turbine  exit  conditions were determined by means of four t h e m -  
couple rakes, each consisting of f i ve  thermocouple8 located a t  the 
center of f ive  equal annular areaa; five.   shielded total-pressure probes, 
located at different  circumferential  positions and radli corresponding 
t o  the center of f i ve  equal annular  areas;  and four static-preseure  tape 
on both the  inner and the   outer .  shroud. 

". . . .  

. .- 

..... - 
". 

........ - 
c 

. . . . .  

Precision. - The precision of the meafjurements i s  estimated t o  be 
. . .  within the f o l l o w l n g  limits : . . . . .  

Temperature, OR f1.0 
Pressure, in. Hg f0.05 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A i r  w e i g h t  flow, percent . . . . . . . . . . . . . .  , . . . . . . . .  fil. 0 
Rotor  speed, percent . . . . . . . . . . . . . . . . . . . . . . .  f0.5 
Torque, percent . . . . . . . . . . . . . . . . . . . . . . . . . .  ' &:6:?Y r= 

The cumulative effect  on calculated  turbine  eEiciency, using measure- 
merits of the foregoing  precision, would give a maxbym error of 
k2.0 percent. 

. .  - . . . . . . . . . . . . . . . . . . . . . . . . .  . .  

. . .  . .  . .  .- ."" 

- 

. . ". . " 
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. " H O D S  AND PROCEDURE 

. Ln order'to determine the  equivalent  design  conditions  for  this 
turbine,  the  variation i n  the   ra t io  of specific  heats  from'the desi@ 
turbine inlet temperature t o  standard atmospheric  temperature should be 
considered. An approximate mthod of determining the equivalent  design 
conditions was used in this particular investigation. This method is  
based on the  cr i t ical   veloci ty  de'temxhed  from the  turbine M e t  stag- 
nation tenperature and an average  equilibrium  value of y of the flow 

appenaix. . - . . " -. . .  

0 
0 
N 
N through the  turbine.  'Derivation of t h i s  method is presented in  the 

The turbine was operated  with  an  inlet  pressure of approximately 
40.5 inchesof mercury absolute  and an inlet  temperature of 70O0 R fo r  
equivalent  rotative speeds of 20, 4 U J  60, 70, 80, 90, Loo, U O ,  120, 
and 130 percent of the  desi&  value f o r  pressure. ratios p11/ptX,2 of 
1.4 t o  4.08.. The work output and brake  internal  efficiency  are based on 
measured torque  values. . . .  

Because the  specific purpose of this  investigation was t o  determine 
the  over-all  'performance of the 535-A-23 two-stage  turbine,  the  perfom- 
ance data are  presented in  a forp that readily shows the  relations among 
the following turbine parameters: equivalent w e i g h t  flow, equivalent 
total-pressure  ratio,  equivalent work output, br&e internal  efficiency, 
equivalent  rotative speed, and equivalent  torque  output of the  unit .  

The over-all performaiice of the  turbine is presented i n  figure 3 in 
terms of equivalent work and a w e i g h t  flow parameter wNP/SOS f o r  lines 
of constant  equivalent  speed,  pressure r a t i o  p' 1 / p I x ,  2 , and brake 
internal  efficiency. The pressure  ratio p1 l/p'xl is defined  as the 
r a t i o  of the  turbine  inlet  stagnation pressure p 1 - t o   t h e   s t a t i c  
pressure plus' the 4 corresponding to the  axial conponent of the . 

veloci ty   a t   the   turbine  exi t  ~ ' ~ ~ 2 .  The pressure P ' , ,~  is Calcu- 
la ted  from a m e a s u r e d .  stagnation pressure, static  pressure,  stagnation 
temperature,  and.  weight flow. 

A maximum brake  Fnternal  efficiency between 0.81 and 0.82 was 
reached at a pressure r a t i o  of approximately 2.6 and equivalent  design 
speed. A t  the  equivalent  design  pressure  ratio of 4.03 and the 
equivalent  desi- speed, the  brake  internal  efficiency w a s  approxinately 

* 0.75.. The design-pressure r a t i o  was determined f r o m  the 
design  velocity diagram fo r  the mean radius a t  the  exi t  of the second- 
s tage  rotorby  adahg  the Ap correspon-g t o  the axial  camponent of 
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SUMMARY OF REXULTS 

From an investigation Of the over-a;lXperformance of a 535-A-23 

- 
". ". - 

two-stage turbine, the  following results w e r e  o'trtained: . . . ." . 

. .  

1. k h i t i n g  biade  loading  occurred in the se_con$--etage rotor .at 
equivalent  design speed and-.press*e ratio, wbich l-rmfted the equivalent 
work output t o  -approltimately 95 p e r c k t  of the design value. 

. 

. . -. .. 
... . - 
." - 

2. The turbine.   brake  internal  eiciency.obtainea at equivalent . ...-. . - - .- 

design speed and pressure  ratio m s .  a p p ? ? o ~ ~ % ~ y 0 . 7 5 .  

3. A peak turbine  brake i n t d  efficiency between 0.81 and 0.82 . .. 
was obtained at -equivalent  design speed and a pressure  .ratio of 
approximately 2.60. 

" 
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4. The equivalent weight flow at eqgivalent design speed and design 
pressure  ratio was approximately 106 percent of the  design  value. 

Lewis F l i g h t  Propulsion Ialjoratory 

Cleveland, Ohfa 
k t i o n & l .  Advisory Cammittee f o r  Aeronautics 

. .  

N 

0 
N 

0 

I 



8 I NACA RM E5-22 

APPENDIX - A P P R O X m  =OD OF DETERMINING EQUIVALENT! 

DESIGN  CONDITIONS 

Information. on the  effect  of heat  capacity lag in  turblne nozzles 
presented. in referenc.e 2 indicates that - fo r  some typical  turbines used 
in . turbojet  engines the  vibrational energy of the gas molecules 1s 
unavailable in the  expansion  process. This. condition.correspond8 t o  a 
constant value of. y of.l.4. For thie  parbicular engine, however, 
examination of the results of reference 1 i n a c a t e s  that the  actual  flow 
processes may be more closely approximated by using  the  equilibrium 
value of r. becaus.e -of the  high  pressure  level .(compressor pressure 
r a t i o  of 8..75) and;iftcreased.len@;th of the flow path through the  tur- 
bine. Consequently,. an average .equil.ibri@i mue- 6f . y = A.  315 wa8 

selected as a representative  value. This value of r was applied i n  
the following methods of determining the equivalent  design points shown 
on the  performance-  curves. - 

Determination of equivaleht w e i g h t  flow. - By writing  the  equatian 
of continuity  in terms of cr i t ical   veloci ty  Vcr, %rea .&r, and 
density pcr and solving for t h e   c r i t i c a l  area, . the  f olJaring equation 
is -obtained: 

The c r i t i c a l .  area. for turbine operating con&itiona is equated to the 
c r i t i ca l   a rea   for  NACA standard  sea-level  conditions a t  the turbine 
i n l e t   t o  obtain 

Solving fo r   t he   c r i t i ca l  weight flow a t  NACA. standard sea-level condi- . 
ticms, the fallowing equation may be written: . . .- . 

" 

..  

Vcr , e 
cr,O Wcr,e v 

P' 0 
Wcr,O = 

L' . "  I . - 

. 

... . . . .  

" 

..  ... 

. . .  

. .  L 

. . 

". . .. 

. . .. 
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. 
Equation  (2) may be written as 

. 

Figure 6. shows the  variation of $ as a function of y. 

N 

0 
N Determination of equivalent work. - The  work output of a turbine 
0 rotor-blade row may be expressed by the following equation: 

DividFng equation (4) by Vcr2 and simplifying gives 

Equating Eo/V,,02 f o r  standard  sea-level  conditions  to E,/Vcr,e 2 
f o r  engine operating  conditions  gives 

Combining equation (6) w i t h  equation (5) gives 

9 
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Assuming that  the..kurbine efficiency vi does not change 

(-) 
To preserve the equality of equation (8) as y changes, the pressure.: 
rat io must vary. Figure 7 shows the  variation of the r a t i o  of the pres- 
sure r a t i o  at standard  condlticras ta . . the pressure ratio a t  engine oper- 
ating conditions as a function of y f o r  various constant values of 
each pressure  ratio. 

.. . .. 

1. Hauser, Cavour E., Plohr, Henry W. , and Soqder, Gerhard: Study of 
Flar Condition and Deflection Angie at &it of 'rwo-Dimensional 
Cascade of Turbine Rotor Blades a t   Cr i t i ca l  and Supercritical 
Pressure Ratio8. NACA RM E9K25, 1950. 

2. Spooner, Robert B. : EZfect of Heat-Capacity Lag on a Var ie ty  of 
Turbine-Nozzle Flow Processes. N M A  TN 2193, 1950. 

" 
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(a) Rear  vim showing inlet pipes to pl- chamber, turbine, and exhut p i p .  

Figure.1. - Installation for experimental Lnvestigation of J35-A-23 two-stage  turbine. 

8 
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,Figure 2.  - Schematic diagram of turbine aasembls and Instmmntatim. 
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Figure 6. - Variation of p as a function of y .  
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